The synthesis of Li-and Mn-rich cathode materials with oxalate co-precipitation method was comprehensively investigated. Thermodynamic calculation and advanced characterizations were conducted to study the effects of reaction pH and precipitation agent on the morphology and composition of the precipitates. It was found that manganese oxalate has a higher solubility compared to nickel oxalate, especially at low reaction pH. In addition, the different capability of Ni 2+ and Mn 2+ to form transition metal ammonia complexes led to a composition discrepancy in the precipitation. The desired nickel manganese oxalate precursor composition could only be achieved when these factors were considered, and cathode materials synthesized based on this precursor exhibited satisfactory electrochemical performance (about 220 mAh · g −1 over 70 cycles under C/10 rate At present, lithium-and manganese-rich oxide materials are attracting extensive research interest due to their low cost, high capacity and high energy density for lithium batteries. [1] [2] [3] [4] [5] [6] In these composites, it is widely accepted that short-range-order Li 2 MnO 3 -like nanodomains exist within the layered R3m structural component. 3, [7] [8] [9] [10] [11] [12] [13] [14] [15] The excess lithium in the composite structure can inhibit the Li and Ni cationic exchange between the layers, and hence improves the overall electrochemical performance. 16 The improvement is, however, linked to the synthesis method by which these materials can be produced. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [17] [18] [19] [20] [21] Of interest, co-precipitation reactions based on hydroxide and carbonate processes have been widely used for the production of chemically homogenous precursors and, thus, highly performing cathodes. [17] [18] [19] [20] [21] The main advantages of these co-precipitation methods can be summarized in the following points: (1) low cost of the starting raw materials (usually transition metal sulfates); (2) high solubility of the starting raw chemicals in contrast to extremely low solubility of the precipitates; (3) wide solid solution ranges of transition metal precipitates; and (4) facile morphology and particle size distribution control.
At present, lithium-and manganese-rich oxide materials are attracting extensive research interest due to their low cost, high capacity and high energy density for lithium batteries. [1] [2] [3] [4] [5] [6] In these composites, it is widely accepted that short-range-order Li 2 MnO 3 -like nanodomains exist within the layered R3m structural component. 3, [7] [8] [9] [10] [11] [12] [13] [14] [15] The excess lithium in the composite structure can inhibit the Li and Ni cationic exchange between the layers, and hence improves the overall electrochemical performance. 16 The improvement is, however, linked to the synthesis method by which these materials can be produced. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [17] [18] [19] [20] [21] Of interest, co-precipitation reactions based on hydroxide and carbonate processes have been widely used for the production of chemically homogenous precursors and, thus, highly performing cathodes. [17] [18] [19] [20] [21] The main advantages of these co-precipitation methods can be summarized in the following points: (1) low cost of the starting raw materials (usually transition metal sulfates); (2) high solubility of the starting raw chemicals in contrast to extremely low solubility of the precipitates; (3) wide solid solution ranges of transition metal precipitates; and (4) facile morphology and particle size distribution control. [17] [18] [19] [20] [21] Both carbonate and hydroxide coprecipitation methods have been widely studied by our group [17] [18] [19] [20] [21] and other researchers. [22] [23] [24] The major difficulties encountered during the development of these two methods were: for the carbonate process; (i) continuous growth of secondary particles and ring morphology which can lead to undesired electrochemical performance, 21 and (ii) the high specific surface area which renders the precursors vulnerable to moisture and makes it difficult to lithiate with the right amount of lithium salts; 19 and for the hydroxide process, (i)' Mn 2+ can easily be oxidized to Mn 3+ or Mn 4+ , and (ii)' the difficulty in controlling the morphology of the Mn-rich hydroxide precursors. As a consequence, the oxalate co-precipitation is being considered as an alternative process since Mn 2+ and Ni 2+ cations form a continuous solid solution and are both stable in the oxalate matrix, and also because the transition metals oxalates are produced in a saturated hydrated form. However, we found that the solubility of manganese and nickel oxalates strongly depends on the reaction pH and chelating agents. In this research, the effects of reaction pH and ammonia on morphology, structure, and composition of the nickel manganese oxalate precipitates and the resulting cathodes were extensively studied in order to establish the chemical fundamentals for the oxalate co-precipitation method as a route for producing high capacity cathodes. Figure 1 . Transition metal sulfate solution (1M, 25% nickel sulfate and 75% manganese sulfate), oxalic acid solution (1M), and basic solution (1M, sodium hydroxide or ammonium hydroxide) were pumped into a beaker reactor kept at 80
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• C. The feeding rates of the transition metal sulfate solution and the oxalic acid solution were calibrated to be 0.5 L/hr. The flow rate of the basic solution was controlled by a pH controller. The collected precipitates were filtrated by vacuum filtration and vacuum dried at 100
• C for over 12 hours. The oxalate precursor powder was thoroughly mixed with a suitable amount of Li 2 CO 3 and calcined at 900
• C in air for 14 hr. The electrochemical properties of the materials were evaluated in CR-2032 type cells. The cathode was made of 80% active material, 10% acetylene black, and 10% polyvinylidene difluoride (PVDF) binder coated onto an aluminum foil. Cells were assembled inside a helium-filled glove box with lithium metal as the counter anode. Celgard 2325 membrane was used as the separator. The electrolyte was 1.2M LiPF 6 dissolved in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (3:7 vol.%). The cells were tested in the voltage range of 2.0-4.6 V at room temperature. The precursor and cathode material morphology were characterized with a cold field emission scanning electron microscopy (SEM, Hitachi S-4700-II), and the composition was assessed by inductively coupled plasma-mass spectroscopy (ICP-MS). The Ni 0.25 Mn 0.75 C 2 O 4 · 2H 2 O chemical formula and crystal structure were confirmed with Fourier transform infrared spectroscopy (FTIR), thermal gravimetrical analysis-differential scanning calorimetry (TGA-DSC), and a D5000 Siemens X-ray diffractometer (XRD) using a Cu-Kα radiation source (λ = 1.5406 Å). For the XRD, the samples were scanned from 2θ = 5 to 80
• at a scan rate of 20 s per 0.02
• . The phase purity of the cathode materials was verified with high energy synchrotron XRD conducted at Sector 11-ID-C (wavelength is 0.107805 Å) of the Advanced Photon Source (APS) at Argonne National Laboratory. Figure 2 shows the morphology evolution when the reaction pH was gradually increased from 1 to 7. Figures 2a through 2g correspond to precipitates synthesized at pH 1 to pH 7, with ammonium hydroxide as the pH control solution. Figures 2A to 2G correspond to precipitates collected under different pH with NaOH as the pH control. When the pH was increased from 1 to 7 through ammonium hydroxide addition, the particles gradually transformed from cubic to a lamellar morphology. The particle size distribution was broad, with small particles less than 1 μm and large particles greater than 30 μm. When NaOH was used to adjust the pH, the particles became more regular in shape and had narrow distribution between 10 and 20 μm.
Results and Discussion
The solubility dependence of MnC 2 O 4 · 2H 2 O and NiC 2 O 4 · 2H 2 O on pH can be theoretically calculated based on the equilibrium equations in Table I . The calculations show that when NaOH is used as the pH regulator, the Mn 2+ and Ni 2+ concentration in the solution has the following dependence on pH:
Equations 1 and 2 indicate the following: (1) at the same reaction pH, MnC 2 O 4 · 2H 2 O has four times higher solubility than Table I . Equilibrium reactions and constants used in calculation.
Equilibrium reactions
Equilibrium constant K • C. 25 The As shown in Figure 3b and Figure 4a , ammonia can serve as pH buffer, ensuring a nearly pH independent transition metal concentration in the solution. Ammonia is used instead of sodium hydroxide as pH regulator for all the reactions mentioned in the following discussion. The XRD patterns of the oxalate precipitates synthesized at pH 1 to pH 7 are assembled in Figure 5 . Shown for comparison are the MnC 2 O 4 · 2H 2 O 27 and NiC 2 O 4 · 2H 2 O 28 standard diffraction patterns. The synthesized materials are isostructural to manganese oxalate, and no nickel oxalate impurity peaks were detected within the accuracy of the lab X-ray diffractometer, suggesting a single-phase solid solution. This observation is consistent with the reports that nickel oxalate and manganese oxalate could form solid solutions when the Ni/(Ni + Mn) atomic ratio is in the range of 0.16 to 0.33. 29 The FTIR spectroscopic results of the oxalate precursor are shown in Figure 6 . The bands at 1316 and 1358 cm This weight loss also confirms that the precipitate is di-hydrated transition metal oxalate. The decomposition is complete at around 400
• C, with metal oxides and released carbon dioxide gas as the products. The two sharp endothermic peaks at 200
• C and 400
• C in the DSC plot coincide with the weight losses in the TGA plot. The broad endothermic peak at around 550
• C may relate to the partial reduction of Mn 4+ to Mn 3+ due to the fact that Mn 3+ is thermodynamically more stable at high temperature compared to Mn 4+ ( Figure 7 ). Precursor prepared at pH 6-7 with ammonia as the pH regulator was chosen for cathode synthesis. After the solid-state reaction between the oxalate precursor and lithium carbonate, a black fine powder was collected. As shown in Figure 8a , synchrotron XRD characterizations were conducted on pristine (oxalate precursor based), ballmilled (oxalate precursor based) and pristine (carbonate precursor based) Li 1.5 Ni 0.25 Mn 0.75 O 2.5 cathode materials. All these three materials showed typical diffraction patterns of the lithium-rich composite material, which can be mainly indexed as a α-NaFeO 2 structure (R3m), with a secondary component belonging to the Li 2 MnO 3 -like phase observed between 1.3
• and 1.5
• . Rietveld refinement was performed on Li 1.5 Ni 0.25 Mn 0.75 O 2.5 prepared from the oxalate precursor (Figure 8b ). The refinement was based on single R3m phase model and only Ni/Li disorder was considered. The refined lattice parameters were a = b = 2.861 Å, and c = 14.258 Å, and around 2% Ni was found in the lithium layer, which is consistent with other reports. 16 The morphology of the synthesized Li 1.5 Ni 0.25 Mn 0.75 O 2.5 cathode materials was characterized with SEM ( Figure 9 ). The secondary particles had a wide particle size distribution with a plate morphology inherited from the oxalate precursor (Figure 9a ). Due to the release of the structural water and carbon dioxide during high temperature calcination, pores with regular patterns were formed among the aligned rod-like primary particles (inset of Figure 9b ). These primary particles had an average diameter of approximately 300 nm, and the length was the same as the thickness of the secondary particles (around 5 μm in these synthesis conditions). These features are assumed to benefit the electrochemical reactions of these cathode materials due to the shortened lithium diffusion path length, while the moderate size of the primary particles will not lead to serious parasitic reactions, which are a common problem for nano-sized lithium-rich composite cathode materials.
The cycling and rate performances when tested in CR-2032 lithium cells are shown in Figure 10 and Figure 11 , respectively. The current density was C/10, assuming that the 1 C rate is equivalent to 200 mA g −1 . The cell was initially charged and discharged within the voltage window of 2-4.8 V for activation, and then operated between 2 and 4.6 V for the subsequent cycles. Stable discharge capacity around 220 mAh · g −1 was achieved for up to 70 cycles without capacity degradation ( Figure 10 morphology improved the performance, mild mechanical ball milling of the cathode material was conducted for 30 min to break up the structure. The ball-milled materials were tested in the same cell conditions as stated above. The cells displayed similar initial discharge capacity; however, after 70 cycles, the reversible capacity had gradually decreased to 180 mAh · g −1 ( Figure 10 ). This comparison highlights the advantage of the rod-cluster-like morphology. The rate capabilities of the material before and after ball milling were also characterized at room temperature with lithium coin cells as shown in Figure 11 . Different rates were tested in a sequential manner (C/10, C/4, C/2, and 1C) for ten cycles at each step. At the C/10 and C/4 rates, the materials before and after ball milling show identical capacities of 210 mAh · g −1 (C/10) and 185 mAh · g −1 (C/4), respectively. However, at C/2, the capacity for the ball-milled material was 15 mAh · g −1 lower than that of the pristine one. The difference became as large as 40 mAh · g −1 at the 1C rate. This observation is contrary to the conventional belief that smaller particles always endow the material with superior rate performance. Accelerated parasitic reactions may be responsible for the decrease in rate capacity after ball milling. The exact mechanism is still under investigation. The charge-discharge voltage profile at different C rates is shown as an inset in Figure 11 . In the first charge, the 4.5 fingerprint voltage plateau for the lithium-manganese-rich cathode material is associated with the electrochemical activation of the Li 2 MnO 3 -like phase. The voltage profile changed after the first cycle due to the irreversible phase change accompanied with the activation of Li 2 MnO 3 -like phase.
Conclusions
We synthesized Ni 0.25 Mn 0.75 C 2 O 4 · 2H 2 O with a co-precipitation method to serve as a lithium-manganese-rich cathode precursor. We then conducted a systematic study of the effects of the reaction pH and precipitate agent concentration on the oxalate precursor morphology and composition. When the reaction pH was increased from 1 to 7, the oxalate particles evolved from a cubic to a lamellar morphology. To achieve the target composition, higher pH was necessary when NaOH instead of ammonia was used as the pH regulator. ) and a superior capacity of the pristine materials compared to that after ball milling to break up the rod-cluster-like morphology.
